Abstract. Accurate prediction of gas planar distribution is crucial to selection and development of new CBM exploration areas. Based on seismic attributes, well logging and testing data we found that seismic absorption attenuation, after eliminating the effects of burial depth, shows an evident correlation with CBM gas content; (positive) structure curvature has a negative correlation with gas content; and density has a negative correlation with gas content. It is feasible to use the hydrocarbon index (P*G) and pseudo-Poisson ratio attributes for detection of gas enrichment zones. Based on seismic multiple-attribute analyses, a multiple linear regression equation was established between the seismic attributes and gas content at the drilling wells. Application of this equation to the seismic attributes at locations other than the drilling wells yielded a quantitative prediction of planar gas distribution. Prediction calculations were performed for two different models, one using pre-stack inversion and the other one disregarding pre-stack inversion. A comparison of the results indicates that both models predicted a similar trend for gas content distribution, except that the model using pre-stack inversion yielded a prediction result with considerably higher precision than the other model.
Introduction
Coalbed gas content data are essential for CBM exploration, selection and evaluation of an exploration area and development deployment. In practice, however, relatively few gas content data are available, so that prediction of gas content is required. Currently popular methods for gas content prediction include the gas content gradient method, composite geological analysis, and the sorption isotherms method [1] [2] [3] [4] . These methods make a point-by-point estimation based mainly on data from exploration wells and coalmine boreholes, and cannot yield accurate predictions in a continuous and planar distribution. For areas with inadequate exploration and insufficient well numbers, the existing methods are frequently inapplicable.
A number of research and application cases have demonstrated preliminary feasibility of applying the AVO (amplitude variations with offset) technique for gas content prediction [5] [6] [7] [8] . Therefore, it is possible to use seismic attributes to predict gas content in a coal seam. In particular, use of pre-stack seismic data in AVO inversion studies has led to significant improvement in prediction reliability owing to the availability of a large amount of seismic gathers and well logging information, relative to that of post-stack acoustic impedance inversion [9] . However, high-level coalbed gas exists in coal seams mainly in absorbed form, causing great difficulty and uncertainty in the prediction if it is based solely on the seismic AVO technique [5] . A composite prediction based on a combination of multiple seismic attributes can effectively minimize the prediction uncertainties. For this purpose, this work focused on the Heshun block within the new coalbed gas exploration area in the northern part of the Qinshui Basin. This study combined post-stack attribute analysis, pre-stack simultaneous inversion, and pre-stack AVO inversion in terms of the seismic attributes, well logging, and testing data. Those seismic attributes that are highly dependent on the CBM content were identified and optimally selected. Then a multiple linear regression equation relating the gas content to these seismic attributes at the drilling well was obtained by mathematic modeling. Application of this equation to the seismic attributes from locations other than the drilling well accordingly yielded a quantitative prediction of the planar distribution of the CBM gas content.
Geological Background of the Study Area
In terms of tectonic structure, the Heshun block lies within the ZhanshangWuxiang-Yangcheng fold zone running north-northeast in the northeastern part of the Qinshui fault warp, and is characterized by a fold structure. The stratigraphic layer is relatively flattened and has a monoclinal structure with a generally northwest dip of around 15 degrees. The block is tectonically simple, and macroscopically it has a monoclinal structure with a northwest low dip. Faulted structures are not developed, and secondary wide and gentle folds exist, with the structural lineament stretching north-northeast ( Figure 1 ) [10] . The stratigraphic units in the study area consist mainly of Palaeozoic-Cambrian, Ordovician, Carboniferous, Permian, Mesozoic-Triassic, Cenozoic-Tertiary, and Quaternary systems.
In terms of sedimentary structure, the Heshun block formed during the Cambrian and mid-Ordovician. At this time, the crust settled steadily and sediments consisting mainly of neritic-facies carbonates formed on top of an ancient crystalline basement. After the mid-Ordovician, the North China platform experienced an overall uplift because of the Caledonian tectonic event, which made the sediments from the late Ordovician to early Carboniferous erode and disappear in the study area. Until the middle Carboniferous period, the Hercynian orogeny caused crustal subsidence once again and led to sedimentation of interbedded marine-terrigenous facies that are comprised mostly of marine and transitional strata. The paleoclimate was warm and wet, and the vegetation flourished. Under a relatively steady environment in a certain Carboniferous-Permian period, the plants were sedimented as coal-bearing, interbedded marine-terrigenous strata, providing source materials for CBM formation [11] [12] .
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Qualitative Prediction of CBM Gas Content Basedona Single Seismic Attribute CBM gas content depends on numerous complicated conditions. According to the existing literature and its statistical data, the major factors relevant to gas content are seismic attributes and formation prediction parameters. The seismic attributes include absorption attenuation, structure curvature, density, impedance, Poisson ratio, and hydrocarbon index. The formation prediction parameters include burial depth of the coal seam, thickness of the coal seam, distance to the closest fault, thickness of roof mudstone, and thickness of roof limestone. This study focused on absorption attenuation, structure curvature, density, Poisson ratio and hydrocarbon index, and provides qualitative singleattribute analyses of gas content in terms of each of these parameters. These efforts can serve as a basis for quantitative and multiple-attribute prediction.
Absorption Attenuation and Qualitative Prediction of Gas Content
The study by Spencer indicates that attenuation of seismic waves in stratigraphic layers can be divided into formation attenuation and absorption attenuation; the latter plays a major role when the frequency exceeds 10 Hz [13] . Although absorption is hard to measure, it can cause attenuation of the seismic signal, which changes the seismic waveform and energy. Generally, seismic amplitude can be described as follows:
A 0 means initial amplitude, h means attenuation coefficient, and x means travel time. Therefore, the attenuation properties of the stratigraphic layers can be understood by determining the seismic attenuation from reflective seismic signals. Because high-frequency energy attenuates faster than low-frequency energy, the principal frequency of a received signal decreases if the target stratum is enriched with fluids. Hence, we can transfer the seismic data from the time domain to the frequency domain through Fourier transform, after which we can determine the attenuation characteristics of the CBM reservoir and predict the gas content through analysis of the frequency domain energy, i.e. the socalled wave field energy-frequency analysis technique [14, 15] . In non-gas zones there is a higher and wider frequency spectral range; in gas zones there is a lower and narrower frequency spectral range, as a result of absorption attenuation of seismic waves ( Figure 2 ). Also, we generally get a lower seismic resolution and a bigger prediction thickness using this method. Therefore, we used seismic attenuation attribution only for prediction of coalbed gas content and used the inverse outcome for prediction of the thickness of the coalbed in this study.
Based on this principle, we can use absorption attenuation features for gas content prediction, in which attenuation coefficients are important parameters for reservoir description and gas prediction. The attenuation coefficient section of multiple through-wells in the Heshun block exhibits an evident and easily distinguishable feature of absorption attenuation at the coal segments. It is a typical section of an oversaturated reservoir. In methane-bearing coalbeds with low permeability, variation of CBM gas content has a smaller effect on frequency than on the rock framework. Therefore it is impossible to use absorption attenuation properties directly for qualitative prediction of CBM gas content and it is necessary to eliminate the effects of burial depth on absorption attenuation ( Figure 3 ). The gas contents determined after elimination of burial depth effects show a clear positive correlation with absorption attenuation.
Structure Curvature and Qualitative Prediction of Gas Content
Structure curvature is a quantitative description of the geometrical configuration of a geologic structure, which uses the degree of curving to describe the curvature in all directions. Large curvatures occur at places such as both sides of a fold axis, tectonic transition zones, and both sides of a fracture plane. These places are commonly developing zones of cracks and fractures [9, 16, 17] . At locations with positive curvature (anticlines) coal beds experience stretching forces so that previously developed cracks open up or separation fractures develop well. As a result, CBM gas is subject to partial loss through dissipation, leading to relatively low gas content. At locations with negative curvature (synclines) coal beds are under compression and the CBM gas is isolated, so that a relatively high gas content is produced. Fairly abundant microstructures have developed in the Heshun block. By comparing the positive curvature of the top surface structure of the No. 15 coalbed and its CBM gas content, a negative correlation can be found between the maximum positive curvature and the gas content (Figure 4) . The primary coalbed segments at two wells, H3 and H5, have relatively large positive curvatures, as well as abundant fractures and relatively good permeability. Because this region is near a large fault, enhanced permeability causes dissipation of the CBM gas.
Density and Qualitative Prediction of Gas Content
Currently, the cutting-edge pre-stack inversion technique uses a joint pre-stack and post-stack inversion and obtains the velocities of both longitudinal (P-) and transverse (S-) waves as well as density information. The main simplified equations of simultaneous inversion are the following:
R(θ) means seismic reflection coefficient, Zp means P-wave impedance, Zs means S-wave impedance, and ρ means density. We look for a good correlation between density and gas content, so we can perform pre-stack inversion to obtain not only the P-wave and S-wave impedance attribution but also get the density attribution directly, which are then used to acquire the CBM gas content. This method takes the relationship between the wave velocities and density into account, so as to significantly improve its capability of differentiating rocks and fluids. In addition to the density, the Poisson ratio and Vp/Vs elastic parameters are also important parameters for gas content prediction, but because pre-stack simultaneous inversion is strongly influenced by logging data, in this work we selected the AVO technology to extract the elastic attributions, see Section 3.4. The pre-stack density inversion for multiple through-wells in the Heshun block yielded a result that is consistent with the density section ( Figure 5 ). In general, a coal seam with relatively ideal physical properties has high levels of gas content and relatively low densities. Fitting the relation between density and gas content it is feasible to convert density into gas content and thus achieve a gas content prediction ( Figure 6 ).
Pre-stack AVO Inversion Parameters and Qualitative Prediction of Gas Content
According to the theory and implementation method of the AVO technique, we performed AVO angle gather processing and AVO attribution superimposition processing of the 3-D seismic data from the Heshun block in terms of pre-stack analyses. These analyses yielded attribute sections of hydrocarbon index (P*G), fluid factor, and longitudinal and transverse waves, which clearly represent the degree of accumulation of CBM gas in this region.
AVO analysis is a seismic technique that uses the dependence of seismic reflection amplitude on offset to distinguish rocks and measure gas content [6, 18] . To date, essentially all the derivative AVO methods are built on the basis of Shuey's simplification of the Zoeppritz equation [19] . That is, when the incident angle is less than 30 degrees, the relationship between the reflection coefficient of the longitudinal wave and the incident angle can be approximately described by:
The intercept attribute P denotes the intercept of AVO, which is commonly used as an input for wave impedance inversion. Its magnitude depends on the difference in P-wave impedance between strata. The gradient attribute G denotes the gradient of AVO, which is related to P-and W-wave velocities and rock density, and its magnitude is mainly determined by the Poisson ratio. The P*G attribute is the product of P and G, and is called the hydrocarbon index, which is commonly used in hydrocarbon detection.
There are two wells that have S-wave logging data in the study area. Through logging analysis it is easy to find that one of them (H10) is good. As we can see, the ratio of Vp/Vs distribution is reasonable, the P-wave and S-wave have a high similarity, and the Poisson ratio of the coal is relatively high compared to that of the surrounding rock, it can fit the elastic parameters patterns of coal seam, which, above all, has relatively high reliability ( Figure 7 ). Therefore we can use the relationship between the P-wave and S-wave in this well to estimate the S-wave in the remaining wells. An AVO analysis of the actual gather from joint pre-stack gather and near-well seismic traces was performed for multiple CBM gas wells in the Heshun block. According to the analysis result, the primary AVO feature of these coal seams is that the amplitude decreases with increasing offset distance, which is typical of the fourth class of AVO. The variation features generated by forward-modeling of AVO resemble those from the AVO analysis of the actual gather. The AVO attribute section of the oversaturated H6 well (gas content 13.7 m 3 /t) indicates that the hydrocarbon index (P*G) and Poisson ratio both show a good correlation with the accumulation degree of CBM gas (Figure 8 ). Another indication is that the pseudo-Poisson ratios and hydrocarbon indices are relatively large when CBM gas is enriched (gas content higher than 8 m 3 /t). The AVO attribute section of the oversaturated H3 well (gas content 4.63 m 3 /t) shows an analogously good correlation between the hydrocarbon index/Poisson ratio and CBM gas content. Lower gas content corresponds to smaller values for the pseudo-Poisson ratio and hydrocarbon index attributes.
Comparative analyses were made between the AVO attributes and gas content of more than 10 wells in the Heshun block (Figures 8 and 9) . The results indicate that the reflection amplitude of a coal seam on the angle gather decreases with increasing offset distance when the coal seam contains no or little CBM gas. Again, both the hydrocarbon index (P*G) and pseudo-Poisson ratio show a good correlation with the degree of accumulation of CBM gas and thus they can be used as important parameters for gas content prediction. When these two AVO attributes are relatively large, the corresponding coal seam is likely an enrichment zone of CBM gas.
Quantitative Prediction of CBM Gas Content Based on Multiple Seismic Attributes
In order to obtain mutually complementary and corroborating results and to improve accuracy in gas content prediction, a comprehensive consideration of various factors that influence CBM gas content is required. Based on multipleattribute analysis of the seismic attributes, this study selected those attributes that are highly relevant to CBM gas content by optimization. By mathematical modeling we attained a multiple linear regression equation relating the gas content to the seismic attributes at the 16 drilling wells in the Heshun block. Then, application of this equation to the seismic attributes at locations other than the drilling wells led to a quantitative prediction of CBM gas content.
For the multiple-attribute analyses, introduction of the seismic attributes usually follows a procedure from simplification to complication first, then back from complication to simplification. This so-called "from simplification to complication" means that it is suggested to take into consideration as many attributes that are relevant to reservoir prediction as possible at the early stage of proposing the prediction plan. In this way, we can make full usage of more information and adopt expert experience so as to improve the effectiveness of gas reservoir prediction. The so-called "from complication to simplification", on the other hand, refers to eliminating attributes that are similar, repetitive, or of low relevance in multiple-attribute cross plotting analyses. This process not only ensures the accuracy of the prediction model, but also enhances the precision and efficiency of the calculations.
In view of the considerations above, we added a number of formation prediction parameters, such as impedance, coalbed burial depth, coalbed thickness, coalbed density, distance to the nearest fault, thickness of roof mudstone, and thickness of roof limestone, after numerous screening tests, besides the attributes mentioned above, which include hydrocarbon index, pseudo-Poisson ratio, absorption attenuation, structure curvature, and density. These additional parameters, as well as the statistics of coalbed gas content, are shown in Table  1 . In this manner, we statistically analyzed all the parameters and gas content of the 16 drilling wells in the Heshun block. Next we performed a multiple linear regression and finally we arrived at a quantitative model for gas content prediction. In order to verify the reliability of the multiple-attribute prediction, this study performed regression calculations based on the prediction model for two cases of considering pre-stack inversion parameters and disregarding those parameters, respectively, and then compared the prediction results between the two cases. 
When disregarding the pre-stack inversion parameters, the fitted multiple linear equation is: 
(Left: using pre-stack inversion. Right: disregarding pre-stack inversion.)
Figure 10
Correlation coefficient graphs the measured gas content vs. predicted gas content at the drilling wells.
Figure 11
Map of predicted planar distribution of CBM gas in the H15 coalbed in the Heshun block.
Comparison of the quantitative prediction results from the two models indicates that both models predicted a similar trend for gas content distribution, except that the case of considering the parameters yielded a result with better fineness than the other case. In addition, the gas content determined by multiple-attribute prediction when using pre-stack inversion showed a better correlation with the measured values as well as a higher precision than that when disregarding prestack inversion (Figures 10 and 11 ).
Conclusion
Qualitative prediction of coalbed gas content can be made in terms of the seismic absorption attenuation, density, and structure curvature attributes. The absorption attenuation property, after eliminating the effects of burial depth, has a positive correlation with the coalbed gas content. At places with relatively high gas content, the absorption attenuation feature is also evident. The density and (positive) structure curvature attributes both show a negative correlation with the coalbed gas content. Then the joint pre-stack inversion technique (which uses pre-stack inversion to obtain the density attribute first and then obtains the gas content from the density information) was applied to quantitative prediction of coalbed gas content. According to the results there exist various low-density zones around the H6, H3, H5, and H2 drilling wells. These zones are indicative of a relatively high CBM gas content.
By optimization we selected those attributes that are highly relevant to CBM gas content and then by mathematical modeling we attained a multiple linear regression equation relating the gas content to the seismic attributes at the drilling wells, so as to minimize interpretation ambiguity arising from singleattribute gas content prediction. Then application of this equation to the seismic attributes at locations other than the drilling wells, in combination with the geological attributes of the drilling wells, led to a quantitative prediction of the coalbed gas content. We also performed prediction calculations for two cases of using and disregarding pre-stack inversion, respectively. Comparison between the results indicates that both models predicted a similar trend for gas content distribution, except that the model using pre-stack inversion yielded a prediction result with considerably higher precision than the other model.
